crystallography | cytokines | mechanism | biophysics T he TNF receptor and ligand superfamilies (TNFRSF and TNFSF, respectively) play critical roles in mammalian biology and mediate proinflammatory immune responses. Lymphotoxin (LT)-α and LTβ are two related TNFSF members produced predominately by activated cells of the innate and adaptive immune response. LTα exists as a secreted homotrimeric molecule (LTα 3 ) that signals via TNFR1 and TNFR2, or as a heterotrimer with LTβ on the cell surface (major form LTα 1 β 2 , minor form LTα 2 β 1 ) and signals through the LTβ receptor (LTβR) (1) . As a heterotrimer rather than a homotrimer, LTα 1 β 2 is unique in the TNFSF.
The role of LT in the immune response has been well characterized as critical for the development and orchestration of robust immune responses (2) . Signaling through LTβR, expressed on nonhematopoeitic cells and follicular dendritic cells, directs normal development of lymph nodes and appropriate germinal center architecture via the elaboration of various cytokines and chemokines, as revealed in LTα-, LTβ-, or LTβR-deficient mice (3, 4) . During chronic immune responses, cellular effectors can infiltrate target tissue and organize anatomically into de novo lymphoid structures, instigated and maintained by LT-mediated pathways (5) .
Surface LTα 1 β 2 is detected on subsets of activated T and B cells and NK cells (6) (7) (8) (9) . Dysregulation of these immune cell types underlies the pathogenesis of autoimmune diseases. In mouse models of rheumatoid arthritis (RA), experimental autoimmune encephalomyelitis (EAE), and delayed-type hypersensitivity (DTH), treatment with a depleting antibody specific to murine LTα resulted in amelioration of disease in all circumstances. In these studies, the Fc-dependent efficacy achieved with anti-LTα resulted from depletion of pathogenic LT-expressing Th1 and Th17 cells. Moreover, blockade of LTβR signaling using a decoy receptor fusion protein, LTβR-Ig, was sufficient to drive efficacy in a number of autoimmune models when delivered preventatively (10) . Motivated by the concerted effects of LTα and LTβ in driving major inflammatory pathways and pathologies, we previously generated a humanized anti-LTα mAb (MLTA3698A, hereafter referred to as anti-LTα), and demonstrated increased survival in a xenogeneic human T-cell-dependent mouse model of graft-versus-host disease (GVHD) (11) .
TNFRSF members are typically activated by TNFSF-induced trimerization or higher order oligomerization, resulting in initiation of intracellular signaling processes including the canonical and noncanonical NF-κB pathways (2, 3) . Ligand-receptor interactions induce higher order assemblies formed between adaptor motifs in the cytoplasmic regions of the receptors such as death domains or TRAF-binding motifs and downstream signaling components such as Fas-associated protein with death domain (FADD), TNFR1-associated protein with death domain (TRADD), and TNFR-associated factor (TRAF). In particular, LTβR signals via TRAF3 and the structure of a peptide derived from the intracellular region of LTβR bound to the TRAF3 C-terminal domain revealed a 3:3 trimeric complex (12, 13) .
Most TNFSF ligands are compact homotrimers formed by protomers possessing a conserved beta-strand jellyroll fold. Each protomer is formed by an inner and outer β-sheet consisting of strands A'AHCF and B'BGDE, respectively (14) . In contrast, multidomain TNFRSFs have an elongated shape and are composed of pseudorepeats of ∼40 residue cysteine-rich domains (CRDs). The extracellular domain (ECD) of LTβR comprises four CRDs and is expected to have similar overall architecture to other multidomain TNFRSF members such as TNFR1. Crystal structures of several ligand-receptor complexes in this superfamily (15) (16) (17) (18) (19) (20) (21) (22) (23) revealed that receptors bind in a symmetrical Significance Cytokines are proteins that modulate the activity of target cells via activation of cell-surface receptors. The trimeric cytokines of the tumor necrosis factor superfamily typically signal by inducing homotrimerization of their cognate receptors. We use structural and biophysical approaches to show that the unique heterotrimeric tumor necrosis factor superfamily member Lymphotoxin (LT)α 1 β 2 induces dimerization rather than trimerization of the LTβ Receptor (LTβR). Cellular signaling assays were used to show that dimerization of LTβR is sufficient to activate intracellular signaling processes. Furthermore, disruption of receptor interactions at either site prevents signaling via LTβR, challenging the existing paradigm that trimeric complexes are required for signal transduction by the TNF family cytokines.
manner at the monomer-monomer interfaces of the ligands, with CRD2 and CRD3 mediating most receptor-ligand interactions (Fig. S1A) Fig. 1 A and B) . As expected, anti-LTα blocked LTα 3 and LTα 1 β 2 -induced NF-κB activation comparable to the blockade seen with TNFR2-Ig and LTβR-Ig, similar to previous observations in competition ELISAs (11) . Surprisingly, despite the inability of anti-LTα to prevent LTβR-Ig binding to LTα 1 β 2 on cells, as determined by FACS (Fig.  1C) , anti-LTα fully blocked LTα 1 β 2 -induced NF-κB activation.
To elucidate the molecular basis of signal disruption by anti-LTα, we determined the X-ray crystal structure of the complex of LTα 3 with the Fab fragment of anti-LTα at 3.2 Å (Table S1 ).
This complex retains the threefold symmetry of the LTα 3 trimer. Each LTα protomer binds one copy of anti-LTα Fab (Fig. 1D) . Strands A', B', and B and the DE-loop and the FG-loop on the outer surface of the monomer comprise the majority of the anti-LTα epitope (Fig. 1E ). This binding mode differs from that seen in a structure of CD40L bound to the fab fragment of a blocking antibody (24) in which the antibody directly competes for the receptor-binding site. Like anti-LTα, the Fab fragment of infliximab with TNF (25) also binds to the outer surface of a single monomer of TNF. However, the infliximab-TNF interaction centers on the EF loop in the tip of the trimer, whereas anti-LTα Fab binds to the wide part of the trimer.
Overlay of the LTα 3 -(anti-LTα-Fab) 3 and the LTα 3 -TNFR1 3 structures unexpectedly revealed minimal overlap between the TNFR1 epitope and the anti-LTα epitope (Fig. S1 D and E) . However, the Fab occupies part of the same 3D space as would be occupied by receptor during a signaling event, suggesting that steric hindrance contributes to the ability of anti-LTα to compete with TNFR1 or TNFR2 for ligand. Anti-LTα binding also changes the conformation of the LTα DE and the AA' loops, which contain the critical residues Y142 and D84, which are essential for receptor binding and cytotoxic activity of LTα (26) . This conformational change is an allosteric effect, as anti-LTα does not directly contact these residues. The DE and AA' loops are on opposite sides of LTα protomer ( Fig. 1E ) and form opposing surfaces of the receptor-binding cleft (15) . As such, alteration of the conformation of these loops affects two separate monomer-monomer interfaces. Thus, despite binding to a single LTα protomer, one anti-LTα affects two receptor-binding sites. results (27) . Fitting of the ITC data to a binding curve suggested each copy of LTβR binds LTα 1 β 2 with one apparent high-affinity site (12 nM) and a lower affinity site (170 nM) ( Fig. 2A and Table  1 ). Titration of LTβR into a preformed complex of LTα 1 β 2 -anti-LTα Fab revealed a single available binding site with an affinity of 250 nM ( Fig. 2B and Table 1 ), implying that the monomermonomer interface between the two LTβ molecules (the β-β site) is the lower affinity site for LTβR. As a control, we also generated soluble, homotrimeric LTβ 3 , which is not found in vivo on the surface of cells (28, 29) but which allowed us to probe the β-β site, as it has three equivalent sites, and characterized its interactions with LTβR. Like LIGHT (27) , homotrimeric LTβ 3 also bound only two copies of LTβR binding sites but with equal affinity (3 μM) ( Fig. S2 and Table 1 ).
Crystal Structure of LTα 1 β 2 -LTβR-Anti-LTα Complex Elucidates Asymmetric
Interactions. To characterize the LTα 1 β 2 -LTβR interaction, we crystallized and determined the structure of the LTα 1 β 2 -LTβR-anti-LTα Fab complex at 3.6 Å (Fig. 3A and Table S1 ). The asymmetric unit contains two LTα 1 β 2 -LTβR-anti-LTα Fab complex units. Only ∼50% of one of the LTβR molecules is ordered, whereas ∼85% of the other LTβR is ordered. As a part of this complex, we present the first report of the structures of LTβ and LTβR. LTα 1 β 2 is similar in architecture to LTα 3 and other homotrimeric TNF-like ligands (Fig. 3A) . (Fig. 3C) . As in other multidomain TNFRSF members, the orientation of CRD3 with respect to CRD2 is variable, and this region of LTβR assumes a different orientation than in TNFR1.
The interface between LTβR and LTβ-LTβ' is primarily formed by CRD2 from LTβR with minimal additional contacts from CRD1 (Fig. S3A) . This interface is predominantly polar with only modest hydrophobic contacts. In particular, conserved residues K108, E109, and R142 in LTβ' form complementary electrostatic interactions with residues E85, R102, and D105, respectively, from LTβR CRD2 (Fig. S3C) . Unexpectedly, neither LTβ promoter contacts LTβR CRD3. Consequently, CRD3 is disordered in one copy of the complex in the crystallographic asymmetric unit and marginally ordered in the second copy of the complex as might be expected due to the lack of stabilizing interactions with ligand. In contrast, when bound to TNFR1 (PDB ID code 1TNR), LTα makes extensive interactions with CRD2 and CRD3 (Fig. S3B) .
Compared with other multidomain TNFRSF members, whose affinities for their respective ligands are typically in the low nanomolar range, the lack of interaction with CRD3 may contribute to the relatively weak affinity of the LTβ-LTβ' site for LTβR. This dependence on CRD1 and CRD2 is similar to the interface formed between TL1A and DcR3 (18) . A structurebased sequence alignment between LTβ and LTα reveals significant differences between them, with only 20% identity and 33% similarity in the residues directly involved in LTβR binding at the LTβ-LTβ' interface (Fig. S3D) . The higher affinity site in LTα 1 β 2 may make additional interactions with CRD3, as significantly different residues are expected on the LTα side of the interface in either the α-β or the β'-α sites compared with the β-β' site. Sequence alignment of LIGHT with LTβ ( Fig. S3D ) reveals that the residues in LTβ that are responsible for electrostatic interactions with LTβR (K108, E109, R142) are not conserved in LIGHT.
Identification of the Second Receptor-Binding Site. To interrogate the receptor-binding sites, we designed a single-chain LTα 1 β 2 protein comprised of LTα followed by two copies of LTβ with short intervening linkers between each protomer, allowing for site-directed mutagenesis of specific interfaces at each possible receptor-binding site ( Fig. 4A and Fig. S4 A and B) . This singlechain variant allowed us to selectively alter receptor-binding sites in LTα 1 β 2 by altering the residues involved in the electrostatic interaction in the LTβ-LTβR interface and the conserved tyrosine residue in the DE-loop of LTα or LTβ (Fig. 4A and Fig.  S4C ). Using this strategy, six variants were synthesized ( Fig. 4A and Table S2 ). We assessed the ability of each variant to form a stable complex with LTβR using size exclusion chromatography. The results (Fig. 4B) show that, as expected, the variant A behaves similarly to LTα 1 β 2 and binds two LTβR molecules. The same experiment with LTα-LTβ site deficient variants B and C suggests diminished binding to one LTβR molecule in B and complete loss of binding to one LTβR molecule in C. The variant targeting both α-β and β-β' sites, D, does not bind LTβR in this assay. Variant E, which targets the β'-α site, behaves identically to variant A, suggesting that the β'-α site is not required for interactions with LTβR. Variant F, which targets the β-β' site, also shows binding to one LTβR molecule. These experiments indicated LTα 1 β 2 binds two receptors, one at the α-β site and one at the β-β' site. To verify our conclusion, we used ITC to measure affinities and stoichiometry for the single-chain "wild-type" variant A and the α-β site targeted variant C (Fig. S4D and Table 1 ). Consistent with the chromatography data, variant A binds to two LTβR molecules with affinities similar to the WT LTα 1 β 2 , whereas C, with an impaired LTα-LTβ interface, binds to only one LTβR with lower affinity. These data unequivocally identify the LTβR binding sites as the LTα-LTβ and LTβ-LTβ' interfaces.
To further confirm the affinity measurements in light of the complexity of the ITC data corresponding to WT LTα 1 β 2 and variant A, we used an orthogonal technique, Biolayer Interferometry (BI), to measure affinities of the α-β site and the β-β' site individually using variants C and F (Fig. S4E and Table 1 ). These data confirm different affinities for the two sites (163 nM, α-β site; 380 nM, β-β' site). Although the value determined for the lower affinity site is consistently ∼200-300 nM across several experimental approaches, the affinity of the other receptor-binding site is likely overestimated by ITC due to the atypical nonsigmoidal nature of the data. Thus, the difference in the affinity between the two sites is likely closer to ∼twofold than the ∼10 fold suggested by the ITC data.
Interactions with Two Copies of LTβR Are Required for Cellular/ Functional Signaling. To verify the functional importance of each receptor-binding site for signaling, we assessed WT and singlechain variants of LTα 1 β 2 in two cell-based NF-κB activity assays ( Fig. 4C and Fig. S4E ). HeLa/NF-κB-luc cells, which express endogenous LTβR, were stimulated with increasing concentrations of WT LTα 1 β 2 protein or the single-chain LTα 1 β 2 variants as indicated (Fig. 4C, Left) . The functional signaling data were in agreement with the binding data. Signaling by single-chain WT variant A and the β'-α-deficient variant E appears similar to signaling by the soluble three-chain heterotrimer WT-LTα 1 β 2 . This result indicated that the alterations to the β'-α site did not affect signaling. In contrast, targeting the α-β site with the Y142A substitution in LTα (variant B) decreases luciferase activity twofold. Variant C, which carries more profound changes at the α-β site, and variant F, which has the β-β' site disrupted, are incapable of signaling through LTβR. Similarly, single-chain variant D with mutations at both the α-β and β-β' sites is also incapable of inducing signal transduction via LTβR. To further confirm that the NF-κB signaling observed was fully dependent on LTβR, we used the 293T/NF-κB-luc cells that lack LTβR, and transfected them with LTβR (293T/NF-κB-luc/LTβR), and compared the activity of WT and single-chain LTα 1 β 2 variants. 293T/NF-κBluc/LTβR cells responded comparably to the single-chain LTα 1 β 2 variants as HeLa/NF-κB-luc cells, whereas 293T/NF-κB-luc cells were refractory to activation (Fig. 4C) , indicating that the downstream NF-κB activation we observe was dependent on LTβR.
Collectively our biochemical and cellular data show decreased bioactivity for LTα 1 β 2 variants with impaired LTβR binding capacity at either the α-β or β-β' clefts, whereas mutations targeting the β'-α site had no effect on LTβR binding or signaling. Thus, the binding of each molecule of LTα 1 β 2 to two copies of LTβR is necessary and sufficient to activate the NF-κB pathway. 
Discussion
For typical TNFRSF members, signaling is driven by receptor trimerization and higher order clustering induced by binding the homotrimeric ligands such as TNFα 3 or LTα 3 . Disruption of signaling by ligand blockade has been efficacious in preventing TNFmediated pathology (30) . The unique asymmetric architecture of LTα 1 β 2 suggested it might induce LTβR receptor signaling differently from canonical TNFSF members and that blocking ligandinduced signaling with a single antibody could be challenging. Notably, an anti-LTα antibody was generated that blocked signaling induced by both LTα 3 and LTα 1 β 2 , although it did not fully prevent LTα 1 β 2 from binding to surface-expressed LTβR (11) . We used anti-LTα as a tool to characterize the mechanism of signaling by the LTα 1 β 2 -LTβR complex, revealing that LTα 1 β 2 possesses two LTβR binding sites: a lower affinity binding site at the LTβ-LTβ' interface and a higher affinity binding site at the LTα-LTβ interface. Using anti-LTα and site-directed mutagenesis, we show that disruption of receptor binding at either of these sites is sufficient to prevent signal transduction via the NF-κB pathway. Both ligands for LTβR, LIGHT and LTα 1 β 2 , are unusual in the TNFSF in that they bind only two receptor molecules rather than three, as typically observed in the superfamily. Although the structure of homotrimeric LIGHT (PDB ID code 4EN0) is not inconsistent with the biochemical evidence that LIGHT binds only two LTβR molecules (27) , it does not reveal a compelling structural driver for this stoichiometry. Interestingly, the structure of LIGHT bound to DcR3 (PDB ID code 4J6G) reveals a 3:3 interaction. In contrast to homotrimeric LIGHT, in a heterotrimer such as LTα 1 β 2 , each receptor-binding site is formed by the juxtaposition of residues from LTα or LTβ promoters and is inherently distinct. Thus, each receptor-binding site in LTα 1 β 2 has evolved varying affinities for the same receptor or, as is the case of the LTβ'-LTα interface, no receptor binding. The relative lack of conservation of the LTβR binding residues in LTα 1 β 2 compared with LIGHT (Fig. S3D) suggests that they have evolved by convergent evolution, although there may have been an ancestral homotrimeric LTβ 3 . The existence of heterotrimers in distantly related TNF homologs such as the adiponectin C1q (31) and collagen X NC1 domains (32) suggests that the plasticity of having distinct sites in a pseudo-threefold symmetric molecule is advantageous in some evolutionary contexts.
In most TNFRSF pathways, receptor trimerization or even highorder oligomerization is the trigger for robust intracellular signaling. For instance, Fas and ectodysplasin A (EDA) receptor (EDAR) receptors require ligands that are either cell bound (FasL) or have multimerization motifs (EDA) to fully elicit downstream signaling (33) (34) (35) . In other contexts, such as apoptosis triggered by the death receptors, a requirement for trimerization or higher order clustering may lower the chances of inadvertently triggering an irreversible and fatal pathway. The structure of the intracellular Fas-FADD complex (36) revealed unexpected additional complexity in TNFRSF signaling as the stoichiometry and symmetry of the intracellular signaling components (5-Fas-5-FADD) differ from those of the extracellular ligand-receptor interaction.
Formation of ligand-induced higher order assemblies in cells can be a very cooperative process, leading to a "digital" on-switch for some systems (13) . Our results are consistent with this model and imply that the trigger for the LTβR-mediated "on-switch" is more sensitive than for other members of the TNFRSF. In this case, dimeric clustering of the receptor is sufficient to nucleate intracellular signal transduction as opposed to trimeric or higher order signaling as in other TNF family members. It is possible that dimeric clustering of other TNFRSF members may be sufficient for signaling, as suggested by the observation that bivalent antibodies can act as pathway agonists (2, 30) . This hypothesis is difficult to test in the absence of single-chain variants of the ligands in which individual receptor-binding sites can be disrupted. More generally, signaling for TNFRSF members is a consequence not just of the ligand-receptor interactions but also of the many downstream intracellular components as well as the local concentration of receptors and of the propensity of the receptors for clustering in the absence of ligand. In the case of LTβR, the cooperativity of the intracellular assemblies appears to compensate for decreased valency of the extracellular trigger. In conclusion, LTβR signaling represents one extreme of the TNFRSF in which minimal extracellular ligand-induced clustering is sufficient to engage and propagate the intracellular signal. This may reflect either an evolutionary tolerance for higher false positive rates in LTβR signaling or an advantage to triggering lymphoid development, tumor immunity, or LTβR-driven inflammation at lower receptor or ligand concentrations.
Materials and Methods
Protein Expression, Purification, and Structure Determination. LTα, LTβ, LTβR, and single-chain variants of LTα 1 β 2 expressed in insect cells using baculovirus vector and were purified from the growth media using column chromatrography. Anti-LTα fab was obtained by LysC cleavage from the fully humanized antibody MLTΑ3698A. Protein complexes LTα 3 -anti-LTα Fab and LTα 1 β 2 -LTβR-anti-LTα Fab were obtained by mixing purified proteins followed by size exclusion chromatography. Crystals of both complexes were obtained by vapor diffusion, and data were collected at Lawrence Berkeley National Laboratory and Stanford Synchronized Radiation Laboratory. Molecular replacement using relevant models followed by positional and thermal factor refinement resulted in the final structures. Coordinates and structure factors for the LTα 3 -anti-LTα Fab and the LTα 1 β 2 -LTβR-anti-LTα Fab complexes have been deposited with PDB (PDB ID codes 4MXV and 4MXW, respectively).
Stoichiometry and Affinity Assays. ITC experiments were performed using instruments from MicroCal. Binding isotherms were analyzed using nonlinear least-squares fitting of the data to one-site or two-site models. Biolayer Interferometry experiments were performed using the Octet RED384 system.
